We investigated age-associated changes in the expression and deposition of collagen and hyaluronan (hyaluronic acid; HA) in aged vocal folds. Methods: Thirty Sprague-Dawley rats were involved in this study. For gene expression analyses, 15 animals were divided into 3 age groups of young (2 month), adult (9 month), and elderly (18 month) rats. Real-time polymerase chain reaction testing was used to quantify the messenger RNA expression of procollagen types I and III, matrix metalloproteinases 2 and 9, and HA synthases 1, 2, and 3. The remaining 15 animals were divided into 3 similar age groups and underwent histologic analyses designed to investigate age-associated changes in the deposition of collagen and HA. Results: The results revealed down-regulated expression of procollagen types I and III, matrix metalloproteinases 2 and 9, and HA synthases 1, 2, and 3 in adult and elderly vocal folds, compared to young vocal folds. Histologically, staining of collagen was dense in the vocal folds of adult and elderly rats, and HA was less dense in the vocal folds of adult and elderly rats than in young rats. Conclusions: A slowdown in the expression of procollagens and matrix metalloproteinases was associated with dense collagen in aged vocal folds, as observed in elderly humans. A similar decrease in the expression of genes that code for HA synthase was consistent with a low density of extracellular matrix HA in the vocal folds of elderly rats.
INTRODUCTION
Voice disorders are common in the elderly and have a significant impact on communication and quality of life. 1 The vocal folds, which protect the airway and modulate airflow through the glottis during phonation, are composed of an extracellular matrix (ECM) of fibrous proteins, interstitial proteins, and glycosaminoglycans. The density and spatial arrangement of these elements is important, as changes in their deposition can alter the vocal folds' biomechanical properties and vibratory function. 2 Agerelated alterations in the deposition of the ECM have been reported in humans, including excessive accumulation of collagen, dense collagen bundles, reduced deposition of elastin, and reduced deposition of hyaluronan (hyaluronic acid; HA). [3] [4] [5] [6] One hypothesis attributes age-related histologic changes of the vocal fold to a disruption in the normal balance of ECM turnover. 7 It has been suggested that the vocal folds undergo an age-dependent slowdown in the synthesis and degradation of collagen. 7 It is unknown whether the slowdown in the synthesis of collagen and in the expression of genes that code for matrix-degrading enzymes results in the over accumulation of ECM collagen observed in elder ly humans. Also unknown is whether decreased levels of HA are the result of a similar decrease in the synthesis of messenger RNA (mRNA) that codes for HA synthase (HAS). Therefore, the purpose of the current study was threefold: 1) to investigate the senescent expression of genes that code for collagen and HAS; 2) to investigate the senescent expression of genes that code for matrix metalloproteinases (MMPs); and 3) to examine histologic changes in the ECM levels of collagen and HA in aged vocal folds.
MATERIALS AND METHODS
Animals. Thirty male Sprague-Dawley rats were involved in this study. Fifteen animals were equally divided into 3 groups of rats 2 months (young), 9 months (adult), and 18 months of age (elderly; 5 per group), and assigned to the polymerase chain reaction (PCR) study arm. The 15 remaining rats were divided equally into 3 age groups as described above and assigned to the histologic study arm. Whole larynges were harvested from all animals after an overdose intracardiac injection of pentobarbital sodium (150 mg/kg).
Polymerase Chain Reaction. A light microscope was used in removing all layers of the vocal fold above the thyroarytenoid muscle for PCR analysis. The specimens included all mucosal layers of the lamina propria and epithelium. A Mixer Mill MM 301 (Retsch Inc, Pittsburgh, Pennsylvania) was used for homogenization of vocal fold specimens. Total RNA was isolated from homogenate with an RNeasy Mini Kit (qiagen, Valencia, California) and treated with ribonuclease-free deoxyribonuclease I (qiagen) to minimize contamination from genomic DNA. The A260/A280 ratio was used to determine the quantity of total RNA.
Electrophoresis was used to evaluate the quality of RNA on the basis of the appearance of the 18S and 28S ribosomal RNA bands. A High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, California) was used to perform reverse transcription according to the manufacturer's recommended reaction protocol. A Biometra TGra-dient Thermocycler (Labrepco, Horsham, Pennsylvania) was used to perform reactions at 25°C for 10 minutes, 37°C for 120 minutes, 85°C for 5 seconds, and 4°C for 5 minutes.
Rat-specific primers for procollagen type I, procollagen type III, MMP-2, MMP-9, HAS-1, HAS-2, HAS-3, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used. 8, 9 The primers were synthesized by Integrated DNA Technologies (Coralville, Iowa). The Table displays the primer sequences. All primers generated a single PCR band of the expected size, and PCR products were verified by DNA sequencing. The iq SyBR Green Supermix Kit (Bio-Rad, Hercules, California) was used to perform real-time PCR in a 25-μL volume reaction mixture composed of 500 nmol/L primer 1, 500 nmol/L primer 2, 12.5 μL of iq SyBR Green Supermix, 1 μL of template complementary DNA, and 9 μL of ribonuclease-free water. Real-time PCR was performed under the following conditions: 1 cycle at 95°C for 3 minutes followed by 45 cycles at 95°C for 20 seconds, 58.7°C for 20 seconds, and 72°C for 40 seconds; 1 cycle at 95°C for 2 minutes followed by 55°C for 2 minutes; and 1 cycle at 55°C to 95°C in 0.2°C increments to make a melting curve. The PCR products were detected with an iCycler iq Optical System (software version 2.0; Bio-Rad). Electrophoresis was used to separate the PCR products in 1% agarose gels containing 0.5 μg/mL ethidium bromide for verification of PCR products according to fragment size.
Standard curves were used to determine the relative ratio of gene expression. Gene expression ratios from young rats (2 month) were used for PCR controls. Target gene ratios were normalized by comparing the ratios of the internal control gene (GAPDH) with gene expression ratios from the PCR controls. The normalization consisted of using the differences between the cycle thresholds (∆CT) and the expression level for GAPDH to calculate the ET ∆CT(1-2) / ER ∆CT(1-2) ratio, where ET corresponds to the expression level of the target gene, ∆CT (1) (2) corresponds to the differences between the cycle thresholds (∆CT) for the internal control gene and the control sample, and ER corresponds to the expression level for the internal control gene. Separate 1-way analysis of variance (ANOVA) tests were used to investigate differences in gene expression ratios across age groups. An adjusted alpha level of 0.01 was used to control for type I error. For group analyses, vocal folds were averaged for each animal and the expression ratios were log-transformed to better meet the assumptions of the ANOVA. If the F test revealed a significant main effect, pairwise comparisons between age groups were examined with Tukey's hon- Histology. Whole larynges were soaked in embedding medium (Tissue-Tek OCT Compound, Torrance, California), frozen quickly with a combination of acetone and dry ice, and stored in a deep freezer (-80°C). Ten-micrometer-thick serial sections were prepared in the coronal plane. The sections were made in the same systematic manner from the posterior portion to the anterior portion of the vocal fold. Verhoeff's elastic stain was used to identify collagen. The hyaluronidase digestion technique was used to detect HA. For the hyaluronidase digestion procedure, 50 mg of bovine testes hyaluronidase (Sigma, St Louis, Missouri) was diluted in 100 mL of phosphate-buffered saline solution, and each section was incubated in this solution for 1 hour at 37°C. Next, the sections were stained with Alcian blue (pH 2.5). We detected HA by comparing the sections without digestion to those with digestion.
RESULTS

PCR.
The results of ANOVA revealed a signifi-cant main effect for procollagen type I, procollagen type III, MMP-2, and MMP-9 among young (2 month), adult (9 month), and elderly vocal folds (18 month; p < 0.0001). Pairwise comparisons revealed that the expression of procollagen type I decreased significantly in adult ( Fig 1A; p < 0.0001) and elderly vocal folds ( Fig 1A; p < 0.0001) compared to young vocal folds. The expression of procollagen type I was also significantly lower in elderly vocal folds than in adult vocal folds ( The results of ANOVA revealed a significant main effect for HAS-1, HAS-2, and HAS-3 expression across the age groups (p < 0.0001). Pairwise comparisons revealed that the expression of HAS-1 decreased significantly in adult (Fig 2A; p < 0 .0001) and elderly vocal folds (Fig 2A; p < 0 .0001) com- Histology. Young vocal folds revealed sparse collagen and dense HA throughout the lamina propria ( Fig 3A,B) . In contrast, dense staining of collagen and sparse HA was present in adult and elderly vocal folds (Fig 3C-F) . DISCUSSION Matrix metalloproteinases (MMPs) are a family of zinc-containing endopeptidases involved in the turnover of structural components of the ECM. 10 MMP-2 (gelatinase A) and MMP-9 (gelatinase B) display substrate specificity for collagen. 11,12 MMP-2 encodes an enzyme that degrades the major structural component of the basement membrane (type IV collagen). MMP-9 encodes an enzyme that displays broad-spectrum activity and affinity for denatured collagens, membranous collagens (type IV), in terstitial collagens (type V collagen), and elastin.
Results from the current study revealed that the expression of MMP-2 and MMP-9 was decreased significantly in adult and elderly vocal folds compared to young vocal folds. No further decline in MMP expression was observed beyond adulthood. That is, adult and elderly vocal folds revealed similar expression levels of MMP-2 and MMP-9. The findings are similar to those of Ding and Gray, 7 who found decreased expression of MMP-2 and MMP-9 in adult and elderly vocal folds compared to young vocal folds. These same investigators found that the expression of MMPs, albeit decreased, did not diminish any further after adulthood. 7 In contrast, procollagen type I and procollagen type III expression were decreased significantly in adult vocal folds compared to young vocal folds, and continued to diminish beyond adulthood. Elderly vocal folds displayed significantly decreased procollagen type I and procollagen type III expression levels in comparison to adult vocal folds. Histologic analysis revealed that young vocal folds contained sparse collagen throughout the lamina propria, whereas the deposition of collagen was dense in adult and elderly vocal folds.
The advantages of a rat model for studies involving aging of the vocal folds include the wide availability of ECM primers. Ding and Gray 7 also postulated that the rat model provides an opportunity to investigate the effects of aging without the contamination of biomechanical force effects. Although it is likely that the biomechanical forces experienced by rats during vocalization are different from those experienced by humans, rats do produce meaningful ultrasonic vocalizations. 13 The types of vocalizations emitted by rats depend on a number of factors, including the animal's age, its environmental conditions, and its affective state. For example, adult rats produce a 22-kHz vocalization when faced with an inescapable aversive stimulus, such as exposure to a predator, foot shock, or an alarming sound. 14 These calls are typically between 300 and 4,000 ms in duration and are produced at a sound pressure level of 65 to 85 dB. 14 Rats also emit 50-kHz vocalizations in situations that are rewarding, such as sexual activity, playful behavior, and/or arousal over winning a fight. 14 Given the likelihood that the rats in this Collagen Hyaluronan study vocalized less in their shorter life span than elderly humans do in the course of an average lifetime, the findings of decreased expression of procollagens and MMPs in adult and elderly vocal folds, in the context of increased ECM collagen, provides support for the hypothesis proposed by Ding and Gray 7 of an age-dependent slowdown in the synthesis and turnover of vocal fold collagen. These data may also suggest that the increase in collagen deposition observed in elderly humans may not be due to the effects of biomechanical forces alone. This is because, in the absence of human phonatory forces in the rat vocal fold, the balance between synthesis and degradation of collagen appears to result in an increased amount of collagen, as observed in elderly humans. 3, 4 In other words, the ECM changes observed in human and rat vocal folds may be related to normal age-related changes in gene expression, and not necessarily due to vocal fold use and abuse over a lifetime. Interestingly, and perhaps providing additional evidence for this, is the finding that age-related changes in the expression of colla- gen and elastin in the vocal fold are similar to those in the lung and skin, suggesting that these mRNA changes may be indicative of an age-dependent degenerative process across various organ systems in the body. 7, 15 The overaccumulation of ECM collagen in humans is likely to have adverse effects on the stiffness of the lamina propria, as collagen type I provides tensile strength to the tissue, and collagen type III, a reticular fiber, contributes to structural maintenance of the vocal fold. 16 However, the question of whether increased stiffness of the aged vocal fold is the result of an increased amount of collagen and/or increased collagen cross-linking remains unknown. In actuality, the answer to this question may not be so simple. Theories that attribute stiffness alterations of the vocal fold to structural changes in fibrous proteins alone exclude the possibility that alterations in other key ECM components, such as interstitial proteins and glycosaminoglycans, may play a contributing role.
Hyaluronan is an important component of the ECM and contributes to the viscoelastic properties of the vocal fold lamina propria. 17 Butler et al 6 reported decreased HA levels in the vocal fold lamina propria in elderly humans. Thus, a second aim of this study was to investigate whether the histologic deposition of HA would be similarly decreased in adult and elderly vocal folds, and to determine whether a slowdown in the synthesis of genes that code for HAS is consistent with decreased HA in the ECM. The results revealed that the expression of HAS-1, HAS-2, and HAS-3 decreased significantly in adult and elderly vocal folds compared to young vocal folds. HAS-1 expression decreased significantly in adult vocal folds compared to young vocal folds, but expression levels were similar between adult and elderly vocal folds. In contrast, HAS-2 and HAS-3 expression decreased significantly in adult vocal folds compared to young vocal folds, and continued to decrease after adulthood. Histologically, HA in the ECM was less dense in elderly vocal folds than in young and adult vocal folds.
The finding of decreased expression of genes that code for HAS was consistent with the decreased density of HA in the aged vocal fold ECM. It would be interesting in the future to also investigate whether the expression of genes that code for hyaluronidases (HA degrading enzymes) is similarly decreased in the aged vocal fold; this finding might provide evidence for a slowdown in the synthesis and turnover of HA during the aging process. An alternative explanation for decreased levels of HA in the ECM may be that the expression of genes that code for hyaluronidases is up-regulated, giving way to unchecked turnover of HA in the aged vocal fold. However, in the context of the age-associated slowdown in ECM gene expression mentioned above, this appears unlikely.
Future studies should also consider the effects of cell phenotype and decreased fibroblast density on the observed mRNA changes associated with aging of the vocal fold. For example, the accumulation of dysfunctional senescent cells may contribute to the observed mRNA changes and may play a role in the transcription and translation of proteins and the associated histologic manifestations observed in aged vocal folds. It would also be interesting to determine the individual contributions of various cell populations (fibroblasts, epithelial cells, etc) to synthesis and maintenance of the aged vocal fold. The isolation of epithelial cells and cells of mesenchymal origin from aged vocal fold specimens will be necessary to address these questions. In the current study, all mucosal layers above the thyroarytenoid muscle, including epithelium, were used for PCR. It was not determined how specific cells might have contributed to the mRNA and histologic findings. However, it may be possible in the future to investigate cellular production from individual cell types.
Collectively, these results suggest that the issue of increased stiffness of aged vocal folds is likely a result of more than just structural changes in fibrous proteins. Furthermore, given the findings of decreased expression of genes that code for MMPs, procollagens, and HAS and associated histologic changes, these candidate genes may provide logical targets for treatments aimed at stimulating synthesis and turnover of the ECM and at optimizing tissue viscoelastic properties. CONCLUSIONS We performed a prospective study to investigate age-associated changes in the expression of genes that code for collagens, HA, and MMPs and histologic changes in the deposition of collagen and HA in the aged vocal fold. The results revealed that in the absence of human phonatory forces, a slowdown in the expression of procollagens and MMPs results in an increased amount of collagen in the aged vocal fold, as observed in humans. A similar decrease in the expression of genes that code for HAS was observed in elderly vocal folds, as was consistent with decreased density of HA in the ECM. These data provide a foundation for future studies aimed at investigating strategies for the treatment of age-related vocal fold changes in the rat model and potential targets for treatments aimed at stimulating synthesis and turnover of the ECM.
